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5 Control of Plasma Transitions in Sputter Processing Systems 

FIELD OF THE INVENTION 

The present invention relates generally to plasma-based materials processing. 
10 More particularly, the invention relates to control of arcs and control of plasma state 
transitions in plasma processing systems. 

BACKGROUND OF THE INVENTION 

Many manufacturing operations utilize plasma processing. Plasma-enhanced 
15 Vapor Deposition (PVD), for example, is increasingly used for deposition of thin 

metallic and non-metallic films. Most PVD systems are either of the cathodic arc or 
sputtering types. While the arc discharge plasma utilized in a cathodic arc PVD 
systems is characterized by high currents and low voltages, the glow plasma utilized 
in sputter PVD systems is characterized by lower currents and higher voltages. 
2 0 Sputter PVD systems often include features that provide magnetic fields to support 
electric field ionization of the glow plasma. 

A glow plasma and an arc discharge plasma, under appropriate conditions, can 
exhibit mode shifts. For example, a glow plasma can transition to an arc discharge 
plasma, while, though unlikely, an arc discharge plasma can transition to a glow 
25 plasma. 

Undesired arcing is a significant problem for the performance of sputter PVD 
systems. Arcing can be caused by a variety of factors. For example, arcing might be 
caused by flaking of the target during sputtering, overheating of the target, a gas 
disturbance within the plasma, or impurities in either the inert gas utilized to form 
30 the plasma or the target material. Inherently, plasma noise produces a certain 
amount of "micro-arcing" within a glow plasma inside the deposition chamber. 
However, the micro-arcing may develop into more severe plasma arcing, or "hard 
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arcing", within the chamber. An arc can remove the poisoning from the target, but it 
may also generate undesirable particles. 

Some systems cope with arcing by shutting down the power supply when an arc 
is detected. For example, detection of a severe arc can cause the power supply to 
5 momentarily interrupt its output, for example, for .100-25 msec. Arcing current 

fluctuations, however, can have a frequency in the order of 1-10 MHz (i.e., a duration 
of 0.1-1.0 jisec). 

Some power supplies may exacerbate the problems associated with plasma 
arcing. For example, a DC power supply can have energy stored in an output stage, 

10 such as in an output filter. Upon the appearance of micro-arcing or arcing conditions, 
the stored energy may be discharged into the sputtering chamber. The discharged 
energy pulse has a duration of approximately 0.2-20 jusec, which is too rapid to be 
controlled or limited by common detection circuitry of the power supply. 

Some systems periodically interrupt or apply a voltage reversal of the cathode 
15 voltage in an attempt to avoid arcing. The deposition rate may be reduced, however, 
because the cathode voltage is not continuously applied. Moreover, periodic 
suppression circuitry adds significant cost. Periodic suppression systems are usually 
employed when defect free deposition is required, such as in the manufacture of 
semiconductors. 

2 0 SUMMARY OF THE INVENTION 

The invention, in part, arises from the realization that the cooperative action 
of a resonant circuit and a shunt switch can provide improved response to arc 
initiation, improved transition between different plasma states, and improved ignition 
2 5 of a plasma. According to principles of the invention, a resonant circuit, when 

shunted, can drive a plasma current to zero and thus extinguish the plasma in a brief 
period of time that effectively reduces, for example, arc related damage. 
Cooperative action of the resonant circuit and the shunt can also improve ignition of 
glow and arc discharge plasmas. 

2 



In one embodiment, a controller, in response to a signal that indicates a state 
or state transition of a plasma in a plasma vessel, supports closed-loop control of the 
plasma state in the plasma vessel. The signal can be provided, for example, by a flux 
sensor detecting a flux of an inductor in the resonant circuit. The invention features, 
5 in part, improved means to transition from an arc plasma to a glow plasma, or 
transition from a glow plasma to an arc plasma. The invention features plasma 
transitions that entail removal of an undesired plasma state before reignition of a 
desired plasma state. 

Accordingly, in a first aspect, the invention features an apparatus for 
10 controlling a plasma used for materials processing. The apparatus includes a resonant 

circuit, sensors, and a switch unit. The resonant circuit is in electrical 

communication with an output of a power supply and an input of a plasma vessel. 

The sensor acquires a signal associated with a state of a plasma in the plasma vessel. 

The switch unit has a first state (for example, open) and a second state (for example, 
15 closed), and can be switched between states in response to the signal. The second 

state of the switch unit shunts the resonant circuit to permit a resonance of the 

resonant circuit that causes a change in the state of a plasma in the vessel. The 

resonant circuit can store and release energy. 

The sensor can be configured to sense a flux induced by an inductor of the 
2 0 resonant circuit. The sensor can be a coil placed adjacent to the inductor. Such a 
sensor can provide quick detection of the onset of an arc plasma during glow plasma 
processing. The switch unit can have a resistance that is large enough to effectively 
act as a damping impedance for the resonant circuit during shunting. 

The apparatus can include a controller for receiving the signal from the sensor, 
25 and for causing the switch unit to switch to at least one of the first state and the 
second state to affect the state of the plasma. The controller can be configured to 
cause the switch unit to switch to the second state when a transition of the state of 
the plasma is indicated by a change in the signal. The apparatus can also include a 
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voltage clamp circuit in parallel with the input of the plasma vessel. The voltage 
clamp can be an asymmetric voltage clamp. 

The apparatus can include a zero-bias supply unit in series with the switch unit. 
The supply unit can apply an offset voltage to the switch unit. The offset voltage is 
5 associated with a voltage drop caused by a resistance of the switch unit and/or 
parasitic circuit elements associated with the switch unit. 

The apparatus can further include a voltage sensor for sensing a voltage of at 
least one of the resonant circuit, the power supply, and the input of the plasma 
vessel. The apparatus can further include a current sensor for sensing a current of at 
10 least one of the resonant circuit, the power supply, and the input of the plasma 
vessel. The additional sensors can provide improved detection of plasma state 
transitions. 

In a second aspect, the invention features a method for controlling a plasma 
used for materials processing. The method includes providing a resonant circuit in 
15 electrical communication with an output of a power supply and an input of a plasma 
vessel, detecting a change that indicates a transition of a state of a plasma in the 
plasma vessel, and shunting the resonant circuit after the change is detected to 
permit a resonance of the resonant circuit. Shunting the resonant circuit can 
extinguish the plasma in the vessel prior to reignition of a desired plasma state. 

20 In response to detection of a state change, for example, the transition from a 

glow plasma mode to an arc plasma mode , shunting can include substantially 
reducing a current flowing through the plasma vessel during an initial half cycle of the 
resonant circuit relative to a current flowing through the vessel prior to the initial 
half cycle. The shunt can be removed for the next half cycle before again shunting if 

2 5 the arc discharge plasma persists. The shunt and wait cycle can be repeated until the 
original plasma mode is restored, in response to feedback from one or more sensors. 

The method can include reigniting the plasma in the plasma vessel. Reigniting 
can include shunting the resonant circuit to increase an energy stored in the resonant 
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circuit, and removing the shunt to direct the stored energy to the input of the plasma 
vessel to ignite the plasma in the plasma vessel. 

In a third aspect, the invention features a method for igniting a plasma used 
for materials processing. The method includes providing a resonant circuit, shunting 
5 the output of the power supply to increase an energy stored in the resonant circuit, 
and removing the shunt to direct the stored energy to the input of the plasma vessel 
to ignite the plasma in the plasma vessel. 

The resonant circuit can be shunted until the resonant circuit causes a current 
of the power supply to be greater than a steady-state current of an arc plasma. The 

10 shunt can then be removed to commute the current to the input of the plasma vessel 
to ignite an arc plasma in the plasma vessel. The resonant circuit can be shunted for 
an effective portion of a cycle of the resonant circuit to increase an energy stored in 
the resonant circuit. The shunt can then be removed to direct the stored energy to 
the plasma vessel after the effective portion of the cycle to ignite a glow plasma in 

15 the plasma vessel. 



20 
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BRIEF DESCRIPTION OF THE DRAWINGS 

This invention is described with particularity in the appended claims. The 
above and further advantages of this invention may be better understood by referring 
to the following description taken in conjunction with the accompanying drawings, in 
5 which: 

FIG. 1a is a block diagram of embodiments of the invention that include 
features for controlling a plasma in a plasma processing system. 

FIG, 1b is an exemplary graph of the voltage over time detected by a flux 
sensor in response to a micro arc and a hard arc. 

10 FIG. 1c is an exemplary graph of voltage over time detected by a flux sensor, 

current over time detected by a current sensor, and voltage over time detected by a 
voltage sensor for the occurrence of an arc. 

FIG. 1d is a graph that corresponds to the graph of FIG. 1c, though illustrating 
the behavior of the curves over a greater length of time. 

15 FIG. 2 is a block diagram of an embodiment of a plasma processing system. 

FIG. 3 is a flowchart of an embodiment a method for controlling a plasma used 
for materials processing. 

FIG. 4 is a graph of voltage and current change over time during the transition 
from a glow plasma to an arc plasma. 

20 FIG. 5 is a graph of voltage and current in a glow plasma, and voltage and 

current in an arc plasma. 

FIG. 6 is a graph that illustrates the measured change in voltage over time of a 
glow plasma state in a sample system. 

FIG. 7. illustrates current and voltage curves that can be collected by sensors. 

2 5 FIG. 8 is a graph of a flux sensor voltage over time. 

FIG. 9 is a graph of a current sensor current over time. 
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FIG. 10 is a flowchart of a method for igniting a plasma used for materials 
processing. 

FIG. 11 is a graph of voltage and current curves over time for a plasma 
processing system. 

5 

DETAILED DESCRIPTION 

A "plasma system" is an apparatus that includes plasma generation components, 
and can include materials processing components. A plasma system can include one 
10 or more vessels, power supply components, metrology components, control 

components, and other components. Processing can occur in the one or more vessels 
and/or in one or more processing chambers in communication with the one or more 
vessels. A plasma system can be a source of plasma or reactive gas species generated 
in a plasma or can be a complete processing tool. 

15 A "vessel" is a container or portion of a container that contains a gas and/or a 

plasma, and within which a plasma can be ignited and or/maintained. A vessel is 
combined with other components, such as power generation and cooling components 
to form a plasma processing system. 

A "plasma" is a state of matter that includes a collection of energetic charged 
20 particles that can be developed through application of a combination of electrcal and 
magnetic fields to induce ionization in a related gas. In a general sense, a plasma is 
a collection of charged ions, electrons and neutral particles, which taken as a whole 
are neutral, due to the restorative fields generated by the movement of the charged 
particles. A plasma is electrically conductive due to the charged particles. A plasma 
2 5 in a vessel may be considered to be extinguished when the vessel can no longer carry 
a current, or when the plasma does not produce light. Other means of determining 
plasma extinction include those related to the electrical characteristics of the 
plasma. For example, without a plasma, a plasma vessel cathode can have a 
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capacitive characteristic with a typical capacitance value in a range from 100 pf to 1 
uf. 

The plasma however has an inductive character (voltage leads current) due to 
the mass of the ions moving to the cathode. Hence, if the sensors measure a 
5 capacitive character of the plasma vessel, then the plasma has been extinguished. If 
the sensors measure an inductive character, then a plasma exists in the plasma 
vessel, and, depending on the voltage-current, ratio the operating mode of the 
plasma may be determined. 

"Ignition" is the process of causing an initial breakdown in a gas, to form a 
10 plasma. 

The phrases "glow discharge plasma," "glow plasma," and "glow" are herein 
used interchangeably to refer to a plasma state sustained by a relatively high voltage 
and low current in comparison to an arc discharge plasma. A glow plasma, as used 
herein and depending on context, can encompass glow and superglow plasmas. 

15 The phrases "arc discharge plasma," "arc plasma," and "arc" are herein used 

interchangeably to refer to a plasma state sustained by a relatively low voltage and 
high current. An arc plasma, as used herein and depending on context, can 
encompass micro arcs and hard arcs. 

The following description will focus on exemplary cathodic DC-based sputtering 
20 systems. It will be apparent, however, to one having ordinary skill in the plasma 

processing arts that principles of the invention may be applied to a variety of plasma 
processing systems, including systems that entail AC induced plasmas, such as RF 
plasma systems. 

FIG. 1a is a block diagram of embodiments of the invention that include 
2 5 features for controlling a plasma in a plasma processing system 100. The apparatus 
of the invention 190 includes a resonant circuit 1 10, a switch unit 120 that has first 
and second states. The system 100 illustrated in FIG. 1a includes a power supply 170 
having an output, a plasma vessel 180 having an input for receiving power from the 
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power supply 170 and/or the resonant circuit 1 10, a voltage clamp unit 160 in 
parallel with the switch unit 120, a flux sensor 131, a current sensor 132, a voltage 
sensor 133, and a controller 140 for receiving signals from the sensors 131, 132, 133 
and controlling the switch unit 1 20 and the zero-bias supply unit 1 50. The switch 
5 unit shunts the resonant circuit 110 when in the second state, for example, a closed 
state. 

The power supply 1 70 can be, for example, a DC or an RF power supply, and 
the plasma vessel 1 70 can respectively be, for example, a capacitively coupled or 
inductively coupled plasma vessel, as well as a magnetically enhanced cathode (e.g., 

10 a magnetron) or a simple diode type cathode known in the plasma processing arts. 
The switch unit 1 20 is electrically connected in parallel with an output of the power 
supply 170 and an input of the plasma vessel 180. The resonant circuit 1 10 is 
electrically connected in parallel with the input of the plasma vessel 180 and the 
output of the power supply 1 70. Different embodiments will include the switch unit 

15 120 in different locations within the plasma processing system 100. FIG. 1a 
illustrates two possible locations for the switch unit 1 20. 

The plasma vessel 180 can be electrically connected to other components of 
the system 100, but remotely located with respect to them. For example, the 
components of the system 100 which can be connected via a long high voltage cable 
20 to the plasma vessel 180. 

The switch unit 120 permits shunting of the resonant circuit 110. When closed 
in response, for example, to the detection of an undesired arc plasma in the vessel 
180, the switch unit 120 can shunt the resonant circuit 1 10, in effect creating an 
alternative electrical path that competes for the current flow with the arc in the 
25 plasma vessel 180. The arc can cause the impedance of the load presented by the 
plasma vessel 180 to decrease while current is ringing up in the resonant circuit 110. 
Thus, the switch unit 1 20 may share a fraction of the current flow with the plasma 
vessel 1 80. The peak current and total energy of the arc, and, therefore, the 
damage caused by the arc, can be effectively reduced if the current has an 
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alternative path. The shunt can reduce the time required to bring the arc to a zero 
current, i.e., to a no plasma state. The plasma may be considered to be extinguished 
in this condition. 

The arc plasma impedance tends to decrease in association with the total 
5 current through the arc. This effect arises from the additional thermal ionization 
inherent in the arc discharge. Hence, reduction in the current available to the arc 
can effectively reduce the temperature rise of the discharge. The switch unit 120 
provides an alternate current path. The switch unit 120 impedance can be chosen to 
be similar to the arc impedance of the system 100. It can be desirable, however, to 
10 select a switch unit 120 having an impedance that is not too low, as there can be a 
benefit to the switch unit 120 dissipating some of the energy. 

The power supply 170 and the resonant circuit 110 can each include their own 
inductors, or can share one or more inductors or a portion of an inductor. In some 
embodiments, an inductor of the resonant circuit has a smaller inductance that the 
15 inductance of an inductor of the power supply 1 70. 

The a flux sensor 131 may be configured to detect a magnetic flux generated 
by an inductor of the resonant circuit 110. The flux sensor 131 can provide a 
relatively simple and effective way to monitor the state of the plasma. For example, 
by simply adding a second winding to an inductor of the resonant circuit 110, the 
2 0 second winding may be used as a flux sensor 131 to provide an excellent plasma 

transition detector. With a location as the last series component in the connections 
to the plasma vessel 180, transient changes in current to the plasma vessel 180 
generate a corresponding change in the coupled flux of the sensor 131 winding. 

Thus, the flux sensor 131 can be used to detect a rapid change of the plasma 
25 current and/or voltage. When such a change is detected, the controller 140 may act 
to operate the switch unit 1 20 to cause the resonant circuit 1 10 to ring out. Once 
the current and voltage crossover (go from voltage leading current to current leading 
voltage) and reach zero, the sensor 131 can be used to monitor the restart of the 

10 



correct plasma mode. Plasma modes can have distinctive characteristics, which can 
be used to decide if the plasma is restarting in the correct mode. 

Referring to FIGS* 1b, 1c and 1d, the flux sensor 131 can detect the voltage 
and /or current rise associated with reignition and the beginning of plasma run. The 
5 flux sensor 131 can also distinguish between the ignition of different types of plasma 
states. FIG. 1b is an exemplary graph of the voltage over time detected by a flux 
sensor 131 in response to a micro arc and a hard arc. The "back porch" of the signal 
from the flux sensor 131 shows the voltage for the micro arc dropping to zero before 
the voltage for the hard arc, which has tended to persist. Arrow A indicates the time 
10 at which the micro arc induced voltage has dropped to zero, which arrow B indicates 
the time at which the hard arc induced voltage has dropped to zero. 

Alternatively, in addition to the flux sensor 131, the controller 140 may also 
use voltage and/or current measurements, for example, from the current sensor 132 
and the voltage sensor 1 33, to define the plasma state. Depending on the location of 

15 the measurement points, different information will be gained to aid the controller's 
decision process. An example would be measuring the voltage-current ratio to define 
the mode of the present plasma operation. Another example would be confirming the 
continuity of the reignition by measuring the voltage after one resonant period and 
again after two periods. Further, the combined use of two or more measured values 

20 can allow the controller's functionality to change to better meet the plasma mode 
and needed control strategy. 

For example, by appropriately combining measured values from the three 
sensors 131, 132, 133 with the control rules it is possible to anticipate the imminent 
occurrence of an arc transition in a glow plasma. When these conditions are 
25 detected, the controller 140 can set an anticipate flag and cycle the switch unit 1 20 
to stop the plasma (for example, shutting it off, and restarting it. ) This can allow 
the conditions leading to the "expected arc" to be stopped prior to the arc actually 
occurring, thereby reducing the possibility of particle generation. 
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The duration of one or more signals used for the anticipate function may be 
available only for a short period, for example, less than 3 us prior to the transition. 
They may also be available for detection in fewer than all transitions, for example, in 
20% to 60% of transitions. For the glow to arc transition, there is often a small linear 
5 voltage drop, without a corresponding current change just before and leading into the 
arc transition. A variation of this is when the voltage shift occurs for a short time 
then returns to normal just before (2 ^sec to 10 usee ) the arc transition. 

FIG. 1c is an exemplary graph of the flux sensor 1 31 voltage over time, current 
sensor 132 current over time, and voltage sensor 133 voltage over time detected 
10 over a period of time shortly before and after the occurrence of an arc. The curves 
illustrate the above-described anticipatory behavior. FIG. 1d is a graph that includes 
the sample curves as does FIG. 1c with, however, a greater length of time included to 
show the extended behavior of the curves after the shunting action of the system 
100. 

15 The controller 140 receives a signal, which is used for monitoring the 

characteristics of the system 100. The sensors 131, 132, 133, for example, can 
provide one or more signals to the controller 140 to permit monitoring of the state of 
a plasma in the plasma vessel 180. The controller 140 may include, for example, 
integrated circuits, such as microprocessors. Alternatively, a single integrated circuit 

20 or microprocessor can incorporate the controller 140 and other electronic 

components of the system 100. One or more microprocessors may implement 
software that executes the functions of the controller 140. Further, the controller 
140 may be implemented in software, firmware, or hardware (e.g. as an application- 
specific integrated circuit.) The software may be designed to run on general-purpose 

2 5 equipment or specialized processors dedicated to the functionality herein described. 

The controller 140 can open or close the switch unit 120 in response to one or 
more signals received from the sensors 131, 132, 133 to control plasma state 
transitions in the plasma vessel 180. For example, the controller 140 can support 
improved processing by detecting and terminating an undesirable state transition, and 



reigniting a desired plasma state. The controller 140 can also support improved 
ignition methods. In embodiments of the invention, controlled transitions between 
desired states include a period of no plasma in the vessel 180 as indicated by a signal 
received from one or more of the sensors 131, 132, 133. 

A desired arc plasma, for example, is found in a tool coating PVD system that 
utilizes a cathodic arc clean/heat cycle. The system entails operation of a magnetron 
in a low-power arc plasma state. The magnetron provides an ion source for ion 
etching and implantation of the magnetron's target material on a tool being 
processed by the system. If the arc plasma extinguishes, the plasma may transition to 
a glow plasma state, leading to a loss of deposition rate and a ruined tool. 

To avoid tool damage, in terms of the broad embodiment of FIG. 1a, the 
controller 140 can close the switch unit 120 to shut down the glow plasma, and then 
control further steps to reignite the desired arc plasma. In one embodiment of the 
invention, the controller 140 opens the switch unit 120 to permit energy stored in 
one or more inductors of the resonant circuit 1 10 to push ignition. 

A desired glow plasma, for example, is found in a sputter PVD system, which 
can often exhibit undesirable transitions to an arc state. The various types of glow- 
to-arc transitions known to those having ordinary skill can receive a tailored response 
when detected by the controller 140. 

In response to detection of a micro arc, the controller 140 can close the switch 
unit 120 to bring the current in the plasma vessel 180 to zero current, for example, 
in less than approximately 200 psec in some embodiments, or, even less than 
approximately 1 psec in some embodiments. Quickly reducing the current can reduce 
the likelihood of particulate formation and ejection. 

Micro arc formation can be detected by the controller 140 via the signal or 
signals provided by the one or more sensors 131, 132, 133. The flux sensor 131, 
when coupled to a magnetic flux of an inductor of the resonant circuit 110, can 
permit the controller 140 to close the switch unit 1 20 within a length of time of arc 

onset that clips the arc current before excessive damage occurs. The formation of 
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the arc will generally cause a rapid decrease in voltage and an increase in current. 
The controller 140 can close the switch unit 120 for a fraction of a cycle of the 
resonant circuit to extinguish the micro arc. The current can then decline through 
zero. 

5 The switch unit 140 can be kept closed, for example, for a high current half 

cycle of the resonant circuit 110. The controller 140 can then open the switch unit 
120, and the resonant circuit 110 can ring positive and support a voltage overshoot to 
reignite the glow plasma. 

A hard, or persistent arc, can be both more difficult to extinguish and more 
10 difficult to confirm as extinguished than a micro arc. The controller 140 can perform 
repeated cycling of the switch unit 120 until the hard arc is extinguished. In the case 
of a hard arc, it can be advantageous to utilize both the flux sensor 131 and one or 
both of the voltage and current sensors 132, 133 to confirm extinguishment. Thus, 
the likelihood of a false indication of arc formation or extinguishment can be 
15 reduced. 

To simplify signal sensing and control features of the invention, the sensors 
132, 133 can provide a limited set of discreet values to the controller 140. The 
controller 140 can then respond in a closed-loop manner. Control functions that may 
be implemented by the controller 140 are further described below with reference to 
20 FIGS. 200 and 300. 

In a more detailed embodiment of the system 100, the controller 140 
incorporates system condition sensing and adaptive response features. For example, 
the controller 140 can receive additional signals that indicate additional process and 
status conditions of the system 100. In response to the system 100 status and 
25 process conditions, the controller 140 can invoke a pattern, for example, a process 
recipe, that better suits present conditions. Thus, the controller 140 can select an 
appropriate pattern or behavior. A change in pattern can be associated with, for 
example, a change in the number and/or type of steps included in a process rather 
than a simple change in the length of one or more existing steps. 



The plasma vessel 180 may be, for example, a DC cathode- based sputter 
vessel. Such a vessel 180 may include a magnetron device for focusing and 
concentrating a plasma in the vessel 180. The vessel 180 may be a conventional 
plasma processing chamber. For example, a reactive gas can be introduced between 
5 a target and a substrate in the vessel to support reactive sputter deposition. The 
substrate can be biased with a DC or RF source in order to enhance the deposition 
process. The substrate backplane can include a heating mechanism utilizing backside 
gas to heat the substrate. The backplane may rotate for a more uniform sputter 
deposition on the substrate. 

10 FIG. 2 is a block diagram of a plasma processing system 100A that includes an 

apparatus 190A that is an exemplary embodiment of the apparatus 190 shown in FIG. 
1a. The system 100A includes a resonant circuit 1 10A, a switch unit 120A, a flux 
sensor 131 A, a current sensor 132A, a voltage sensor 133A, a voltage clamp circuit 
160A, and a power supply 170A. The system 100A optionally includes a zero-bias 

15 supply unit 150A, 

The power supply 1 70A is a DC supply, and includes filter inductors L f in series 
with the output of the supply 1 70A, and a filter capacitor Cf in parallel with the 
output of the supply 170A. The switch unit 120A includes a switch 121 and, in some 
embodiments, a diode 122. The switch 121 can be, for example, a gas switch, a SCR 
2 0 switch, an IGBT switch, an SiT switch, a FET switch, a GTO switch, or a MCT switch. 
More generally, a switch unit 120A can include two or more switches of common or 
different types. The diode 122 can be, for example, a zener diode. 

The diode 122 causes the switch unit 120A to act as a one-way switch. When 
the switch 121 is closed, the diode 122 permits development of a reverse polarity 
2 5 current flow to the cathode of a plasma vessel. A reverse current can accelerate the 
transition to a no plasma state in the plasma vessel as indicated by one or more 
signals from the sensors 131 A, 132A, 133A. When closed in response to an arc 
plasma forming in a vessel, the switch unit 120A in some embodiments may carry, for 



example, a peak current of approximately 85 A while the cathode experiences a peak 
current of approximately 20 A (relative to a run current of approximately 14 A.) 

The zero-bias supply unit 1 50A includes a transformer 1 51 , a diode 1 52 and a 
capacitor 153. The transformer 151 is in electrical communication with a controller, 
5 for example, the controller 140 illustrated in FIG. 1a A voltage provided by the 
supply unit 1 50A modifies a voltage drop caused by the resistance of the switch unit 
1 20A and other components, if any, in series with the switch unit 1 20A. The supply 
unit 150A can be used to reduce a required number of switches 121 in a switch unit 
1 20A, for example, by applying an offset voltage equal to the voltage drop across the 
10 one or more switches 121 at the peak current. 

For example, if the switch 121 is implemented as two FETs, each representing 
a resistance of 1 Q, the two FETs, in series, will present a resistance of 2 Q. For a 50 
A current, the voltage drop will be 100 V. In this case, the supply unit 1 50 offset can 
be set to 100 V. The load current, i.e., the plasma vessel 180 current, can have a 
15 secondary effect on a desired level of zero-bias supply unit 1 50 offset. 

Competing goals must be balanced to identify an appropriate resistance for the 
switch unit 120A. To create an effective alternative electrical path, the switch unit 
1 20A can have a similar or lower resistance with respect to an arc plasma. To 
dissipate energy to avoid inadvertent reignition of the arc plasma, the switch unit 
2 0 1 20A should have a significant resistance. In a typical embodiment, the balance of 
impedance is set to have the switch unit 120A impedance approximately equal to the 
typical arc plasma impedance. 

For example if the arc plasma develops a voltage drop of 40 V at approximately 
60 amps, this corresponds to an impedance of 0.67ohms . A typical switch impedance 
25 for these conditions would be approximately 0.6 ohms or less. When the zero-bias 
supply unit 151 A is not used, an impedance of the switch unit 121 can be similar to 
that of the plasma, at least at the beginning of a shunt period. 

The voltage clamp circuit 160A includes diodes 161 in series and in two groups 
oriented respectively for forward and reverse voltage clamping. The diodes can be, 



for example, unidirectional zener diodes. Some optional structures and methods of 
operation of a voltage clamp circuit 160 are described in U.S. Patent No. 6,524,455 to 
Sellers. 

The resonant circuit 1 10A includes an inductor L R in series with the output of 
5 the power supply 1 70A and the input of the plasma vessel, and a capacitor C R in 

parallel with the output of the power supply 170A and the input of the plasma vessel. 
The capacitor Cr and the inductor Lr can be chosen to be as fast as possible. A high 
frequency limitation can arise from a need to have the inductor Lr be the dominant 
inductance (largest value) between the output of the power supply 170A and the 
10 input of the plasma vessel 180. It can also be beneficial to maintain enough energy in 
the resonant circuit 1 1 0A to ring the current through zero. This energy can be in 
proportion to a DC process current in the plasma vessel 180. 

The low end of the frequency range can be determined by the power supply's 
sensitivity. It can be desirable for the power supply 1 70A to ignore the operation of 

15 the resonant circuit 1 10A, and only shut down when commanded by the controller 
140 in order, for example, to maintain a deposition rate that is as constant as 
possible. Thus, the value of the power supply 1 70A filter inductor L f can be selected 
to be much larger than inductor Lr, for example, 10x or more larger. For example, 
inductor Lr can have a value of 10jiH while power supply 170A filter inductor L f can 

20 have a value of 2 mH. 

The flux sensor 131 A of FIG. 2 includes an inductor disposed adjacent to the 
inductor L R of the resonant circuit 1 1 0A so that a current is induced in the flux sensor 
131 A when a changing current passes through the inductor L R of the resonant circuit 
1 10A. The inductor L R of the resonant circuit 1 10A can include, for example, a coil, 
25 such as an in an air core inductor; the flux sensor 131 A can include a coil that is 
disposed co-axially within the inductor L R of the resonant circuit 1 10A. The flux 
sensor is sensitive to changes in current in the resonant circuit 131 A, as arise, for 
example, when a transition occurs in a state of a plasma within the plasma vessel 
and/or when the switch unit 160A is closed. 
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A coil-based flux sensor 1 31 A can include a coil made from fine gauge wire to 
simplify manufacturing. The flux sensor 131 A can include a high speed SCR or 
thyratron coupled to a coil. Preferably, the flux sensor 1 31 A is the last component in 
the current path to a plasma vessel, for example, co-located with the inductor L R as 
5 the final components leading to a connector that is connected to the plasma vessel. 

The current sensor 132A voltage sensor 133A can sense, respectively, current 
and voltage of at least one of the resonant circuit, the power supply, and the input of 
the plasma vessel. One or a combination of the sensors 1 31 A, 1 32A, 1 33A can be 
utilized to support the functionality of a controller. Sensor readings are sampled in 
10 some embodiments at fractional or integer multiples of the resonant frequency of the 
resonant circuit 110. 

FIG. 3 is a flowchart of an embodiment of method 300 for controlling a plasma 
used for materials processing. The method 300 can be implemented, for example, 
with the apparatus 190, 190A illustrated in FIGS. 1a and 2. The method includes 

15 providing a resonant circuit in electrical communication with an output of a power 
supply and an input of a plasma vessel (Step 310). The resonant circuit can store and 
release energy. The method also includes detecting a change, for example, in a 
signal, that indicates a transition of a state of a plasma in the plasma vessel (Step 
320), and shunting the resonant circuit after the change is detected to permit a 

20 resonance of the resonant circuit (Step 330). 

In some embodiments, the shunting continues for a period equal to a half cycle 
of the resonant circuit. The method 300 in some such embodiments includes waiting 
for a half cycle before again shunting, if the arc discharge plasma persists (Step 340). 
The process of shunting and waiting is repeated in some embodiments until the 
2 5 change is no longer detected (Step 350). The process of shunting and waiting may 
terminate when a change that indicates the transition of the state of the plasma or 
the extinguishment of the plasma is detected (Step 360). The method may also 
include reigniting the plasma after extinguishing the undesired plasma state (Step 
370). 
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The possible states of the plasma in the plasma vessel include, for example, 
various glow plasma states, various arc discharge states, and a no plasma state 
indicated by one or more signals that can be acquired, for example, by the sensors 
131, 132, 133 illustrated in FIG. 1a. Any of a variety of changes in the signal can be 
5 utilized to detect the onset of a state transition. The flux sensor 131 may be the 
most effective at detecting the onset of a change of plasma state. Features of the 
flux sensor 131 are described below with reference to FIG. 8. 

Referring to FIGS. 4 and 5, the state of the plasma in the vessel may be 
determined, for example, via examination of the current and/or voltage levels 

10 associated with a plasma. FIG. 4 is a graph that qualitatively illustrates how voltage 
and current change over time during the transition from a glow plasma to an arc 
plasma. FIG. 5 is a graph that qualitatively illustrates the relationship between 
voltage and current in a glow plasma and an arc plasma. The glow and arc plasmas 
may be identified by their characteristic values. For example in FIG. 4, a glow 

15 plasma is characterized by a voltage of approximately 500 V and a current of 
approximately 10 A whereas an arc plasma is characterized by a current of 
approximately 100 A and a voltage of approximately 20 V. Thus, sensing of voltage 
and/or current levels and their transition is one means to obtain an indication of 
plasma state and state transition. 

20 When current and voltage levels are changing, the phase relationship between 

current and voltage signals can be used to indicate a plasma state in a vessel. For 
example, shunting (Step 330) can entail extinguishing the plasma in the plasma 
vessel, and the signal can be used to confirm that the plasma has been extinguished. 
For example, in the off state, the plasma vessel exhibits a capacitive impedance, 

2 5 while in the glow or arc discharge plasma states, the vessel exhibits an inductive 
impedance. Examination of the relationship of voltage and current waveforms, as 
provided by one or more sensors, permits determination of the present impedance of 
the vessel. For example, both a glow plasma and an arc discharge plasma exhibit a 
voltage leading current characteristic. This characteristic can be observed, for 

30 example, when the glow or arc plasmas are newly formed and have yet to stabilize. 
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Referring to FIG. 6, a voltage level alone can be used, for example, to 
conclude that a plasma has been extinguished. For example, a minimum voltage that 
can sustain a glow plasma may be experimentally determined for a particular 
embodiment of the system 100 being operated under particular process conditions 
5 (e.g., gas type and pressure conditions.) FIG. 6 is a graph that illustrates the 

measured change in voltage (sensed, for example, by a voltage sensor) over time of a 
glow plasma state in a sample system. The data for the graph was obtained by 
decreasing the power applied to a plasma vessel containing a glow plasma, and 
sensing the voltage across the plasma vessel. 

10 For example, at 9 watts delivered power, the voltage is 233 V. At 8 watts 

delivered power, voltage ripple increases while the overall voltage declines. As the 
delivered power decreases to approximately 6 watts, the plasma collapses, i.e., 
extinguishes, The power level at which the plasma collapses corresponds to a voltage 
level V min . as indicated on the graph. Thus, the experimentally determined voltage 

1 5 level V m in can then serve as a threshold voltage when sensing plasma vessel voltage to 
confirm that a glow plasma has been extinguished. 

When the resonant circuit is shunted (Step 330), the current flowing through 
the plasma vessel can be substantially reduced during an initial half cycle of the 
resonant circuit relative to a current flowing through the vessel prior to the initial 
20 half cycle. For example, closing of the switch unit 120 can reduce the current in the 
plasma vessel 180 at a rapid rate during a first half cycle of the resonant circuit 110. 
The half cycle of the resonant circuit may have a range of approximately 1 to 50 usee. 
After shunting for a half cycle, the shunt can be removed. Brief shunting can be 
sufficient to extinguish a plasma in the vessel. 

2 5 FIG. 7. illustrates current and voltage curves, as can be collected with the 

sensors 132, 133. The curves illustrate a glow plasma transitioning to an 
extinguished state. When the resonant circuit 1 10 is shunted, the current and 
voltage rapidly decline. The current and voltage, however, may not settle to zero. 



20 



For example, the current can be approximately 0.5 A and the voltage approximately 
10 V. 

Further, a unipolar switch can be employed, which can allow the resonant 
circuit 1 10 to ring below zero during the second half of a cycle. A unipolar switch 
5 can also make the timing of the off transition of the switch less critical. The plasma 
in the vessel 180 may be considered extinguished when current switches its direction 
of flow. 

The method 300 of the present invention can include waiting for a half cycle, 
or other interval, before again shunting, if, for example, an arc discharge plasma 

10 persists (Step 340). Further, the shunting (Step 330) and waiting (Step 340) steps 
can be repeated until the change (Step 320) is no longer detected (Step 350). 
Failure to extinguish the arc after a preselected number of repeat cycles, or after a 
preselected period of time has elapsed, can lead to shutdown of a power supply. In 
this case, shunting can be allowed to continue until the supply is caused to shutdown, 

15 for example, for more than a half cycle. 

Sensing a change in a second signal can support identification of the transition 
of a plasma state, and confirmation of reignition of the plasma (Step 360). Reigniting 
the plasma (Step 360) after extinguishing the undesired plasma state can entail, for 
example, reigniting a glow or arc plasma. To obtain an arc plasma, the resonant 

2 0 circuit can be shunted to increase an energy stored in the resonant circuit, and then 
removing the shunt to direct the stored energy to the input of the plasma vessel to 
ignite the plasma in the plasma vessel. The stored energy can be allowed to increase 
the power supply current to a level greater than a steady-state current of an arc 
discharge plasma. The shunt can then be removed to direct the current to the input 

2 5 of the plasma vessel. An arc discharge plasma may thereby be ignited in the plasma 
vessel, without contacting a cathode of the vessel, in contrast to common prior 
practice. 

To obtain a glow plasma, the resonant circuit can be shunted to increase the 
stored energy in the resonant circuit for an effective portion of a cycle of the 
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resonant circuit. The shunt can then be removed to direct the stored energy to the 
input of the plasma vessel thereby igniting a glow discharge plasma in the plasma 
vessel. An effective portion of a cycle can be Vi of a cycle. 

Referring to FIGS. 8 and 9, an example of an undesired transition of a glow 
5 plasma to an arc plasma, extinguishment of the arc plasma by shunting, and reignition 
of the glow plasma are described. FIG. 8 is a graph of the flux sensor 131 voltage 
versus time; FIG. 9 is a graph of the current sensor 132 current versus time. The flux 
sensor 131 signal is a sensitive and rapid indicator of the onset of an arc plasma. 
When the arc is detected, the resonant circuit is shunted for a half cycle, causing a 
10 rapid decline in current in the current sensor to zero (no plasma), with a small swing 
to a negative current as the circuit oscillates. A rise in the voltage level of the flux 
sensor 131, can be used as an indicator that a transition, for example, to an arc 
plasma, has occurred. 

Since the flux sensor 131 provides an accurate indicator of plasma transition, a 
15 small voltage level can be chosen as a threshold indicator of plasma onset. For 
example, a voltage of 1 .0 V can be chosen as the threshold level. Shunting of the 
resonant circuit can being in response to detection of the flux sensor voltage rising 
above the threshold level. 

For example, for a resonant circuit having an inductor of value 12 (ih and a 
2 0 capacitor of value 0.1 jnf, the resonant frequency will be 145 khz. These example 
values can cover, for example, a large range of sputtering conditions from a few 
watts to as high as 60kw. 

These example values are also effective over a wide range of gase types, gas 
flow rates and target materials. Some of the more exotic target materials, however, 
25 may need some small adjustments in a controller to be optimally effective, as the 
voltage and current ranges for an arc discharge can be as high as some sputter 
processes. 

An example of this effect is found in the sputter deposition of TiB2 (titanium 

diboride). In a process the TiB2 had a sputter voltage of 385 V DC, and the voltage 
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dropped to 310 V DC upon arcing. The discharge, however, was very visible arc, thus 
sensors, for example, sensors 131, 132, 133, should identify this small change as a 
transition. Thus, more than one sensor can be required to adequately define the 
plasma mode, and a controller may be more effective with sufficient capacity to 
5 define small state changes. 

The shunt can be removed approximately at or after the time the plasma is 
extinguished. Removing the shunt can also initiate the process of reigniting the glow 
plasma. The flux sensor 131 reveals the capacitive charging phase, as does the 
current sensor 132. After ignition and settling to a stable condition, the flux sensor 
10 131 shows no signal while the current sensor 1 32 shows a stable current indicative of 
the glow plasma. 

Reignition can be more reliably detected with two sensors. For example, a 
combination of any of the following sensors may be used to detect ignition: the flux 
sensor 131, the voltage sensor 1 33, the current sensor 1 32, and a light sensor (not 

15 shown) disposed to detect light emitted by the plasma in the vessel. The signal from 
the second sensor can be used to validate indication of plasma reignition provided by 
the signal from the first sensor. A sensor signal may also be used to indicate the type 
of plasma in the vessel. For example, the character of the light emitted by the 
plasma indicates the type of plasma in the vessel. The light intensity of an arc 

2 0 plasma can be approximately 10 times greater than that of a glow plasma. 

To observe light emitted by the plasma, a light sensor may be a broadband 
sensor, for example, a silicon detector. The controller 140, for example, gate the 
signal from the light sensor to an arc extinguishing cycle. That is, a light signal can 
be collected while current in the plasma is driven to zero to obtain an indication of 
2 5 the absence of the plasma when substantially all of the light emission vanishes. The 
plasma in the vessel may be considered extinguished when no substantial light 
emission is detected. 

Referring to Fig. 10, some features of the invention provide improved plasma 
ignition methods. FIG. 10 is a flowchart of a method 1000 for igniting a plasma used 



for materials processing. The method 1000 can be implemented with the systems 
100, 100A illustrated in FIGS. 1a and 2, and can be utilized in combination with the 
method 300. The method 1000 includes providing a resonant circuit in electrical 
communication with an output of a power supply and an input of a plasma vessel, the 
5 resonant circuit for storing and releasing energy (Step 1010), shunting the resonant 
circuit to increase an energy stored in the resonant circuit (Step 1020), and removing 
the shunt to direct the stored energy to the input of the plasma vessel to ignite the 
plasma in the plasma vessel (Step 1030). It will be apparent to one having ordinary 
skill in the plasma processing arts that proper related conditions should be provided 
10 to ignite a plasma, for example, gas type, pressure, and flow rate conditions. 

The method 1000 optionally includes sensing a signal associated with a state of 
a plasma in the plasma vessel (Step 1040), for example, to confirm ignition of the 
plasma. Ignition can be confirmed, for example, as described above with respect to 
the method 300. Also, as described above with respect to the method 300, if the 
15 signal indicates an undesired plasma state of the plasma in the plasma vessel, 
shunting can be applied to extinguish the plasma (Step 1050). 

To ignite an arc plasma, the resonant circuit can be shunted until the resonant 
circuit causes a current of the power supply to be greater than a steady-state current 
of an arc plasma. The shunt can then be removed to direct the current to the input 
2 0 of the plasma vessel to ignite the arc plasma in the plasma vessel. In general, a 
system must deliver more energy to a gas to force the gas to an arc discharge 
condition than required to obtain a glow discharge condition. 

The controller 140 can close the switch unit 1 20 to create a short across both 
the plasma vessel 1 80 and the power supply 1 70. The short permits the power supply 
2 5 1 70 to ramp the output current up to an appropriate level somewhat above the 
desired stable operating current level for an arc plasma. When the controller 140 
detects an indication that the DC current has attained the elevated level, the 
controller 140 opens the switch unit 120. The current then shifts from the switch 
unit 120 to the cathode of the plasma vessel 180, causing both a high voltage and 



high current that forces an arc plasma to form to support the current. An arc 
discharge can thus be ignited without use of a physical contact step to deliver the 
ignition energy to the cathode. 

To ignite a glow plasma, the resonant circuit can be shunted for an effective 
5 portion of a cycle of the resonant circuit to increase an energy stored in the resonant 
circuit. The shunt can then be removed to direct the stored energy to the plasma 
vessel after the effective portion of the cycle to ignite the glow plasma in the plasma 
vessel. The effective portion of the cycle can be a half cycle. 

For example, the controller 140 can wait until a DC output voltage of the 
10 supply 1 70 settles at its peak value. The controller 140 can then close the switch 
unit 1 20 for a half cycle to increase energy stored in an inductor of the resonant 
circuit 1 10 as the circuit rings out and goes positive. The voltage level can increase 
until limited by the clamp circuit 160 or until the glow plasma ignites. 

Referring to FIG. 1 1 , ignition of a glow plasma, for example, can be 
15 determined by observation of voltage or current levels provided by voltage or current 
sensors. FIG. 11 is a graph of voltage and current curves versus time. The increasing 
voltage eventually drops after reaching an ignition voltage level, when a capacitive 
discharge marking the beginning of ignition occurs. The brief high voltage and low 
current behavior corresponds to a Townsend discharge ignition phase. The voltage 
2 0 then drops, and eventually settles at an operational level. In the normal operation 
region indicated in the graph, an increase in voltage provides an approximately linear 
increase in current of the glow plasma. 

The gradual rise in voltage prior to plasma formation corresponds to charging 
of the capacitance associated with the plasma vessel. The current does not rise with 
2 5 voltage prior to breakdown because no plasma exists in the vessel to provide 

conduction through the vessel. The rapid increase in current indicates initiation of a 
plasma, and the current then settles to an operational level. 

The observed overvoltage required for ignition can support confirmation that a 
plasma has been ignited, and thus also can confirm that a plasma had first been 



extinguished. The level of overvoltage required to ignite a plasma can be affected by 
the condition of a plasma vessel. For example, a vessel that has held a plasma within 
the previous hour can exhibit a smaller overshoot upon reignition than would a 
completely "cold" vessel. While a cold ignition voltage can be, for an exemplary 
5 vessel, approximately 1250 V, a hot ignition voltage for the same vessel can be 
approximately 750 V, with stable operation settling at approximately 500 V. The 
overshoot level will tend to decrease with shorter off periods between reignition until 
reaching a nearly constant overshoot voltage for a particular set of conditions. A 
plasma may be extinguished within, for example, the prior 1 psec to 10 seconds. 
10 While the invention has been particularly shown and described with reference to 
specific preferred embodiments, it should be understood by those skilled in the art 
that various changes in form and detail may be made therein without departing from 
the spirit and scope of the invention as defined by the appended claims. 

What is claimed is: 
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